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INTRODUCTION 

T h i s  consti tutes a s ta tus  report on the 

Purdue University' s School of Aeronautics 

research being performed by 

and Astronautics f o r  NASA 

Ames/Dryden, under &ant number NAG4-1 .  The topics of research i n  this 

program i ncl ude p i  1 ot/vehicl e analysis techni ques, i denti f i ca t i  on o f  pi 1 o t  

dynamics, and control synthesis techniques f<r optimizing a i r c r a f t  hand1 i n g  

qual i t ies .  The project ac t iv i t i e s  for  the period o f  July 1, 1984 through 

March 31, 1985, will be discussed herein. 

PUBL.ICATIONS RELATED TO GRANT ACTIVITIES 

The following paper was presented a t  -the 1984 AIAA Guidance and 

Control Conference, held i n  Seatt le,  WA, i n  Augus t  1984. 

Biegad, D. and Schmidt, D. K. ,  "Time Series Modeling of 
Human Operator Dynamics i n  Manual Control Tasks." 

Recently, notification was received tha t  this paper was also accepted for  

publication i n  the Journal o f  Guidance, Control, and Dynamics l a t e r  i n  this 

year (1985 ) . 
An abstract  for  a paper e n t i t l e d  

"Closed-Loop Pilot/Vehicle Analysis of the Approach and 
Landing Task" 

was authored by Mr. Mark Anderson and the grant principle investigator and 

was submit ted for  possible presentation a t  the 1985 AIAA Guidance and 

Control Conference, to be he ld  i n  August 1985. Notification of acceptance 

o f  this paper is  expected shortly. A copy of the extended abs t rac t  was 

previously forwarded to the technical monitor (Mr. D. T. Berry, DFRF), and 

a copy is attached as an appendix t o  this report. 
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CURRENT TECHNICAL ACTIVITY 

During the current 

the f 1 i gh t- t e s t  resul ts 

project period, an analysis has been underway of 

obtained recently (1984) by CALSPAN on " P i  tch-Rate 

F l i g h t  Control Systems i n  the Flared Landing Task," (Ref. 11, obtained w i t h  

the Total 1 n-F1 i g h t  Simulator (T IFS)  . The analysis approach considered 

here is based . on the Optimal Control/Frequency Domain (OC/FD)  techniques 

developed under this grant a t  Purdue. These techniques or iginal ly  stem 

from an optimal -control approach to  perform a Neal -Smi th-1 i ke analysis on 

a i r c r a f t  a t t i tude  dynamics, (see Ref. 2), b u t  have recently been extended 

and used successfully to  analyse the f lared landing task. T h i s  extended 

analysis method w i l l  be reported i n  the (1985 Guidance and Control 

Conference) paper to  be presented this year, as c i ted  above, and i s  further 

documented i n  Ref. 3. 

Attitude Analvsis 

An additional modification of the method of Ref. 2 provided a 

technique independent of one of the parameters t ha t  previously had to  be 

emperically adjusted (namely, closed-loop ('droop") The results from this 

revised analysis of the Neal-Smith data base are shown i n  Figure 1. The 

sensi ti v i  ty parameter (SP is def i ned as 

SP = (Droop, dB) x [A(e/ec)max/ADC Gain, dB] 

or the "drooplo i n  the closed-loop frequency response obtain from the OC/FD 

analysis,  multiplied by the change i n  closed-loop resonance peak per u n i t  

change i n  ( p i l o t )  DC gain. T h i s  (SP)  parameter has the same interpretat ion 

as the original "Resonace Peak," i n  terms of osc i l la tory  tendency, b u t  i t  

a1 so ref1 ec ts  the sens i t iv i ty  of the cl osed-1 oop dynamics to  sl i g h t  
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v a r i  a t i  ons i n  p i 1  o t  aggressiveness. F ina l  1 y , as mentioned above, i t  does 

not  requ i re  a p r i o r i  se lec t ion  of any parameters l i k e  the al lowable droop 

o r  closed-loop bandwidth. The t o t a l  p i l o t  phase compensation (see F ig.  1) 

includes the e f f e c t s  of 0.2 se.observa t ion  t ime delay and 0.1 sec. 

neurometer l a g  o f  the p i l o t .  

Next, an analys is  of the LAHOS data base, us ing t h i s  method, was 

performed t o  determine i f  any coorel a t i o n  ex is ted  between those quanti  t i e s  

(SP and Phase, dependent only on vehic le a t t i t u d e  dynamics) and the p i l o t  

ra t i ngs  o f  the a i r c r a f t  i n  the - landing task. Since To2 i s  constant i n  

t h i s  data base, the f l i g h t - p a t h  response i s  determined uniquely by the  

a i r c r a f t  a t t i t u d e  dynamics. The resu l t s  f r o m  t h i s  ana lys is  are given i n  

F igure 2. Not ice t h a t  these resu l ts  group n i c e l y  i n t o  Level 1, 2, and 3 

regions, w i th  the same general "shape" o f  the boundaries as shown i n  F ig .  

1. The primary d i f fe rence between the Neal-Smith r e s u l t s  (Fig.  1) and the 

LAHOS r e s u l t s  (Fig. 2) i s  the  increase i n  required, - and acceptable, - p i l o t  

phase compensation i n  t h i s  landing task (Fig. 2). This  i s  cons is ten t  w i t h  

the  a i r c r a f t  dynamics being more sluggish a t  the  lower ( landing)  speed, and 

perhaps imp1 i es p i  1 o t  acceptance o f  h i  gher work1 oad ( phase) bei ng requi  red  

f o r  landing. That i s ,  conf igurat ions ra ted  Level 1 i n  the land ing  task 

(Fig. 2) would have received Level 2 r a t i n g s  i n  the  p rec i s ion  a t t i t u d e  

cont ro l  task evaluated by Neal and Smith (Fig. 1). Pu t  s t i l l  another way, 

Level 2 a t t i t u d e  dynamics here ( i n  t h i s  data base) may be s u f f i c i e n t  t o  

ob ta in  a Level 1 r a t i n g  i n  the landing task. 

An analys is  of the a t t i t u d e  dynamics o f  some o f  the TIFS "Pitch-Rate" 

conf igura t ions  y i e l d s  the  r e s u l t s  summarized i n  Table 1. L i s t e d  are the  

r a t i n g s  f r o m  the  two p i l o t s ,  closed-loop e/ec bandwidth, p i l o t  phase 
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compensation (2 values) and s e n s i t i v i t y  parameter SP. Note t h a t  a l l  

closed-loop bandwidths are very close (2.7 - 2.9 rad/sec), and are lower 

than the bandwidths f o r  conf igurat ions ra ted  Level 1 ir, the  LAHOS data base 

(shown i n  F ig .  3 ,  corresponding t o  the  r e s u l t s  i n  F ig .  2).  The lower 

bandwidths are consis tent  w i th  the TIFS conf igura t ions  represent ing l a r g e r  

a i r c r a f t .  

The two values f o r  p i l o t  phase compensations r e f l e c t  the phase a t  the 

c l  osed-1 oop bandwidth frequency , and the  peak phase conipensati on, whi ch 

occurred f o r  these cases a t  4.0 - 4.5 rad/sec. A p l o t  o f  p i lot-model 

frequency response i s  shown i n  Fig. 4, f o r  Config. 7-1, f o r  example. Th is  

conf i g u r a t i  on r e f 1  ected "conventional I' a i  r c r a f  t dynamics. The open- and 

c l  osed-1 oop frequency responses and p i  1 ot-model compensati on f G r  these 

conf igurat ions and f o r  t h i s  (e-tracking) task are given i n  Appendix B. 

Note t h a t  f o r  Config. 1-1 t o  1-3, the SP, p i l o t  phase, and bandwidth 

are e s s e n t i a l l y  constant. Th is  i s  cons is ten t  wi th the  f a c t  t h a t  although 

To2 i s  being var ied i n  these conf igurat ions,  the  a t t i t u d e  dynamics are 

i n v a r i a n t  w i t h  T o p .  This i s  a r e s u l t  o f  h igh-gain feedback ac t ion  

(e.g., r a t e  command systems) y ie ld ing  dynamics t h a t  are i n s e n s i t i v e  t o  

va r ia t i ons  i n  p l a n t  parameters h e . , ,  TOE). Note t h a t  a l l  th ree  o f  

these conf igurat ions were ra ted  cons is ten t ly  poorly, with P i l o t  B's ra t i ngs  

a l l  between 5.5 - 7.0 Cooper-Harper. 

I n  contrast ,  Config. 7-1 received a s o l i d  Level 1 r a t i n g  (3. and 2.5, 

Cooper-Harper) . Note t h a t  f o r  t h i  s conf i g u r a t i  on, the  p i  1 o t  phase 

compensation i s  15 degrees l ess  than f o r  Config. 1-1 t o  1-3, although the 

s e n s i t i v i t y  parameter i s  higher. 
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Finally, consider Config. 4-1 t o  4-3 and Config. 4-3-1. Config. 4-1 

t o  4-3 dynamics are the same as Config. 1-1 t o  1-3, except a p r e f i l t e r  has 

been added, which restores the a t t i t ude  dependence on To2. Conse- 

quently, we see a monotonic increase i n  the p i l o t  phase compensation as 

Te2 is  decreased. T h i s  is t o  be expected since as 1/Te2 gets 

1 arger , the ai r c r a f t - a t t i  tude frequency response . exhibits less  lead below 

the short-perizd fre@!oncy: A I  though the ratings show some vari ation f o r  

Config. 4-1, and only one rating was obtained for  4-3, i t  is clear t ha t  4-2 

was rated bet ter  than 4-1 or 4-3, and was rated comparable to  7-1. When 

comparing p i lo t  phase and SP between Config. 4-2 and 7-1, one sees they are 

very close. Finally, i t  is possible tha t  Config. 4-3 was rated worse than 

4-2 because of the increased phase lead required, b u t  this will be 

re-examined bel ow. 

Regarding Config. 4-3-1 (4-3 p l u s  a wash-out), i t  is  noted tha t  i t  was 

rated worse than Config. 4-2, but better than Config. 4-3. Note tha t  both - 
the SP and p i lo t  phase for 4-3-1 are between the respective values for  4-2 

and 4-3 consistent w i t h  the rating. 

F1 ight-Path Analysis 

The above analysi s was aimed a t  exploring correl ation between ratings 

of the configurations i n  the landing task and the  important measures of 

(closed-loop) a t t i tude  dynamics. I t  is c lear  t ha t  for  precise f l a r e  and 

landing, precision f l i g h t  path control is required and this will now be 

consi dered. 



In VFR landings, a t t i tude ,  nz, and s i n k  r a t e  ( Y )  information is  

available to  the pi lot .  Consequently, a multi-loop analysis is considered 

essent ia l .  Such an analysis i s  i n  f a c t  developed i n  Ref. 3, c i ted  

previously, based on an analysis o f  the LAHOS data base. However, care is  

required i n  the analysis of the TIFS "Pitch-Rate" results because there a re  

several difference between the two experiments t ha t  may be s ignif icant .  

The differences and/or key issues a r e  

1. Cockpit locat ion/pi lot ' s  objective 

2. 

3. Variable TQ 

4. To2 - Tq pre f i l t e r  

5.  Time delay 

6. Wash out f i l t e r  

nz t ransfer  function numerators (dynamics ) 

In the LAHOS experiment, the cockpit, a i r c r a f t  c.g., and center o f  

ro t a t i  on ( percussion) were very c l  osely 1 ocated a1 ong the 1 ongi t u d i  nal 

axi s . The ai rcraf t had . conventional ai r c r a f t  dynamics, pl us 1 eads and 

lags,  Top was constant, and there was essent ia l ly  no additional time 

delay. Finally, the two real (airframe) zeros (one + and one -) i n  the 

n,/Fs t ransfer  functions are large i n  magnitude (10-20 l / s ec ) .  In the 

TIFS Pitch-Rate experiment, none of the above was true. 

As a resu l t  of the dynamics and geometry i n  the LAHOS experiment, the 

p i l o t  could f ly  as aggressively as possible, constrained by s t a b i l i t y  of 

the cl osed-1 oop (y/yc) system and his 1 imitations. Equi Val ent p i  1 o t  phase 

compensation i n  this loop, a f t e r  performing block diagram reduction of the 
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mu1 i -1 oop system, co r re l  a ted strongly w i  t h  p i  1 o t  r a t i  ngs . I n  addi ti on , 
the devi a t i o n  from the desi red -2OdBldecade c h a r a c t e r i s t i c  o f  the p i  1 o t l  

veh c l e  open-loop Bode magnitude, expressed i n  terms o f  an "open-loop peak" 

was used t o  i nd i ca te  loop ''quality," o r  d e s i r a b i l i t y .  Again, on ly  two 

c l  osed-1 oop parameters (phase and ''peak'') were necessary t o  eval uate the 

LAHOS conf igurat ions.  Those resu l ts  are shown i n  F igure 5. 

Analysis 1 

I n  any event, the r e s u l t s  from the same analys is  procedure, app l ied  t o  

some o f  the TIFS "p i tch- ra te"  resu l ts  are given i n  Table 2. The equ iva len t  

phase compensation i s  the phase o f  Peq(jw), evaluated a t  open-loop 

(y/yE) phase crossover. Peq i s  obtained from block diagram reduct ion,  

as shown i n  Fig. 6, where Po, P,, and P,(s) are a l l  obtained from the 

opt imal -contro l  modeling o f  the  human operator - as i n  the  ana lys is  

summarized i n  Fig.  5 above. 

Unl i ke the r e s u l t s  from the a t t i  tude analysi  s , the c l  osed-1 oop 

bandwidths i n  t h i s  f l  i ght-path analysis now increase w i t h  i ncreasi  ng 

M e 2 ,  both w i th  and wi thout  the p r e f i l t e r  (i.e., Config. 1-1 t o  1-3 

and Config. 4-1 t o  4-3).  These bandwidths are only s l i g h t l y  lower than 

those from the LAHOS analys is  (no t  given here). 

A lso  un l i ke  the a t t i t u d e  analysis resu l t s ,  a monotonic reduc t ion  i n  

p i l o t  phase compensation i s  noted f o r  Config. 1-1 t o  1-3, o r  as To2 i s  

reduced. For these three rate-command conf igura t ions  , a1 though the  

a t t i t u d e  response i s  independent o f  To2, the  f l i g h t  path response i s  

not. Clear ly,  the f l  i ght  path response i s  "quickened" f o r  these conf i gura- 

t i o n s  (1-1 t o  1-3) as 1/Te2 increases, so requi red p i l o t  phase lead  
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diminishes. I n  addi t ion,  the open-loop peak has the same trend, decreasing 

as 1/Te2 increases. Hence the fl ight -pa th  closed-loop dynamics are 

improving, along w i th  a reduct ion i n  workload (phase lead).  

A d i f f e r e n t  s i t u a t i o n  ar ises  with Config. 4-1 t o  4-3. Now note t h a t  

f o r  these conf igurat ions,  the fli ght-path (y /FSt )  response i s  independent 

Of ?e2 . (whi le  i t  i s  the a t t i t u d e  response t h a t  has t h i s  proper ty  f o r  

Config. 1-1 t o  1-3). Therefore, a single-loop analys is  would not  be sensi- 

n..& :- A:- ..... l+; I-,... -.,-,~.,~i~ the results 

i n  Table 2 reveal increased p i l o t  phase i s  again requ i red  as 1/To2 

increases. This  i s  re la ted  t o  the a t t i t u d e  response e x h i b i t i n g  l ess  lead 

as 1/Te2 decreases. Note t h a t  the ra t ings ,  however, do no t  f o l l o w  t h i s  

same monotonic trend. 

&-...a A- T 2 -11 - - -  
C ~ V C  cu 102 var-iaLiuiib. oub III L I I I ~  IIIUI ~ I - I U U ~  U I I U I J G I ~ ,  

But  an opposite t rend i s  noted i n  the open-loop-peak parameter. That 

i s ,  as 1/To2 increases t h i s  peak decreases, o r  s t a b i l i t y  robustness o f  

the  loop improves. It i s  poss ib le  an "optimum" ex is ts ,  o r  a t rade between 

p i  1 o t  phase versus open-1 oop peak, somewhat consi s t e n t  with the  LAHOS 

r e s u l t s  i n  Fig.  5, except t h a t  the open-loop peaks i n  the (TIFS) data are 

too h igh  t o  be compatible with Fig.  5. Th is  open-loop peak can be shown t o  

depend s t rong ly  on the numerators i n  the  n,/F t r a n s f e r  funct ion.  Because 

these two rea l  (+ and -1 numerators f o r  the l a rge  vehic les simulated on the 

TIFS are smaller i n  magnitude than f o r  LAHOS (1.5-3.0 l / sec  compared t o  

10.-20. l / sec  f o r  LAHOS), h igher open loop peaks r e s u l t  here. Although 

these (open-1 oop peak) r e s u l t s  cannot be compared d i  r e c t l y  between exper i -  

ments , the trends appear consi stent,  however. 
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This  consistency i s  fu r ther  reinforced when Config. 4-3-1 (4-3 p lus 

wash ou t )  and 7-1 (conventional ) a re  considered. Config. 4-3-1 requ i res  

l e s s  phase compensation than 4-3 (33' versus 37'1, and e x h i b i t s  a lower 

open-1 oop peak. The improved r a t 1  ng on 4-3-1, therefore,  appears warrented 

on the basis o f  these resu l ts ,  along w i th  the a t t i t u d e  analys is  discussed 

previously.  F i n a l l y ,  the s o l i d  Level 1 r a t i n g  o f  Config. 7-1 i s  a lso  

compatible w i th  the p i l o t  phase and open-loop peak associated w i t h  t h i s  

conf igurat ion.  

The f i n a l  t op i c  o f  d iscussion regarding the r e s u l t s  i n  Table 2 i s  the 

important e f f e c t  the t ime delay o f  170 ms has on these resu l t s .  Given i n  

the tab le  are the r e s u l t s  f r o m  the analys is  both with and w i thout  the 

delay. Without the delay, the required p i l o t  phase i s  much lower, and are 

not compatible a t  a l l  w i t h  the LAHCS r e s u l t s  i n  Fig.  5. The phases i n  

Table 2 i n  t h i s  case are f a r  too low. However, w i t h  the t i m e  delay 

included, the p i l o t  phase and the  ra t ings  are much more cons is ten t  w i t h  

those obtained f o r  LAHOS. For the remainder o f  the  discussion, the  t ime 

delay i s  included i n  the analysis.  

Analysis 2 

Although the above analys is  i s  sens i t i ve  t o  f i v e  o f  the s i x  key 

experimental var iab les c i t e d  a t  the ou tse t  ( t ime delay, Te2, p r e f i l -  

t e rs ,  etc,), it i s  no t  sens i t i ve  t o  the p i l o t  l o c a t i o n  r e l a t i v e  t o  the 

c.g. o r  t o  the center of r o t a t i o n  (cor . ) .  Th is  area has been a pr imary 

focus i n  t h i s  study for  the cu r ren t  p ro jec t  period. 

The l o c a t i o n  o f  the p i l o t  i s  considered t o  a f f e c t  two key aspects o f  

closed-loop f l i g h t - p a t h  cont ro l .  I f  the p i l o t  i s  f a r  removed from the 

c.g. and the c.r., h i s  accelerat ion - cues (n,) are s i g n i f i c a n t l y  a l tered.  

~ ~-~ ~ 
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Also, if the p i l o t  i s  remote from the  c.g. and c.r., the appropr iate 

con t ro l  ob jec t i ve  may need fu r the r  d e f i n i t i o n .  (Note: t h i s  problem does 

no t  a r i s e  i n  the  a t t i t u d e  control task, i n  which the  veh ic le  a t t i t u d e  

perceived i s  independent o f  p i l o t  locat ion,  as long as the  p i l o t  i s  l oca ted  

on the  l ong i tud ina l  axis.) 

With the opt imal-control  modeling technique, both the  p i l o t  o b j e c t i v e  

and ava i l ab le  cues may be evaluated a n a l y t i c a l l y  through adjustments i n  the 

r L Z - - A . Z . . -  C..--A.-...- I ?  \ --A 2 -  AL- --?--A:-- * C  -..- La... :.,. &La 
U U J C L L I V C  I U I I L ~ I U I I  \up /  aiiu III ciic ~ c i c ~ c i u ~ i  V I  > ~ ~ L I Z I I I  re>puii>c> III ctic 

vector o f  p i l o t  observations (yp). I n  a l l  the analysis performed on the 

p rec i s ion  cont ro l  o f  f l i g h t  path (LAHOS and t h i s  ana lys is ) ,  the p i l o t  i s  

considered t o  be observing a t t i tude ,  s ink r a t e  ( o r  y ) ,  and the f l i g h t  path 

e r r o r  (y  - Ycomand) re f lec ted  a t  the cockpi t ,  i n  a d d i t i o n  t o  the r a t e  o f  

change o f  these var iab les,  consistent w i t h  the assumption t h a t  the p i l o t  

der ives r a t e  in fo rmat ion  from the observed angles (e.g., from e 

observation). 

We w i l l  now consider the resu l t s  from an ana lys is  based on the  

assumption t h a t  fundamentally, the p i l o t  must be able t o  cont ro l  the f l i g h t  

path, and perhaps more importantly the  path r a t e  (proport ioned t o  nz) 

t h a t  he senses a t  the  cockpit.  H is  a b i l i t y  t o  do t h i s  i s  analyzed by 

modeling the s i t u a t i o n  as prec is ion cont ro l  o f  f l i g h t  path a t  the cockp i t ,  

def i ned by . 

I - - 
L p .  "0"z c.p. 

With t h i  s model i ng assumption, the re1 evant dynamics, p i  1 o t  observations 

and con t ro l  ob jec t i ve  (cos t  function) are now defined. 
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The open- and closed-loop (yc.p. /ycom) frequency responses from 

this analysis approach are shown i n  Figs .  7-14. These figures are shown 

rather than one p o i n t  tabulated (e.g., open-loop peak) from the plot ,  

t o  reveal the dramatic di fferences i n  both the open- and closed-loop Bode 

p lo t s .  AS 1/Te2 increases, both for  Config. 1-1 to  1-3 and for  

Config. 4-1 t o  4-3, .the closed-loop, as well as the open-loop frequency 

responses clearly reveal improved c l  osed-1 odp dynamics. The cl osed-1 oop 

magnitude, reca l l ,  should be "f la t"  for  perfect tracking performance i n  

this case, and the open-loop Bode magnitude should exhibi t  the desirable 

-2OdB/decade constant slope, especially near crossover, for  good s tabi l  i ty 

robustness. As 1/Te2 i s  increased, these configurations clear ly  

improve i n  both these areas. 

Note, furthermore, t h a t  there is  v i r tua l ly  no difference i n  these 

resul t s  between conf i gurati ons with and without pref i 1 t e r  . That i s, 

Config. 1-1 Bode resu l t s  are the same as Config. 4-1, performance and 
., 

s t a b i l i t y  here are independent of the presence of the p re f i l t e r .  (The 

si gn i  f i cance of the pref i 1 ter w i  11 become more apparent 1 ater, when p i  1 o t  

phase compensation is considered. The p i l o t  essent ia l ly  compensates f o r  

the lack of this p re f i l t e r  i n  Config. 1-1 t o  1-3, t o  keep the performance 

and stabi 1 i ty essentially the same as 

Config. 4-1 t o  4-3.) Likewise, the  Config. 4-3-1 results are  identical  t o  

those of Config. 4-3 (no difference due to  the washout f i l t e r ) .  Finally,  

the Bode character is t ics  for  Config. 7-1 appear very similar to  Config. 

4-2, both rated vir tual ly  the same. 
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For reference 

re1 ations between 

now, consider the information i n  Table 3. Given are the 

the veep. and the yC.r. t o  the yCeg, ,  i n  terms of 

the r a t io  of the numerators of their t ransfer  functions (from st ick i n p u t ,  

fo r  example). The relat ions reveal three t h i n g s :  1) the key numerator 

zeros of the yc.g./Fst t ransfer  functions are small i n  magnitude, as 

noted previously; 2 )  the analogous numerator zeros f o r  ycep./Fst  are 

both ml:nir?um phase; b u t  l i g h t l y  damped; and 3) the p r e f i l t e r  i s  n o t  a 

factor  i n  these relations.  Point 1) explains the larger  open-loop peaks i n  

the vcSg.- analysis discussed previously. More importantly, the 

"notches'' i n  the Bode plots i n  Figs .  7-14 are c lear ly  due to  the two 

lightly-damped zeros i n  yc.p./Fst. 

. 

W i t h  regard to  p i lo t  phase compensation required, the resu l t s  are  

equal l y  i nterest i  ng . These resul t s  , tabu1 ated i n  Table 4 , are extremely 

consistent w i t h  the ratings. Configs. 1-1 t o  1-3 require the h i g h e s t  phase 

compensation, due t o  the p i lo t  having t o  adjust  fo r  the lack of the "lead" 

pref i 1 t e r  . Equal l y  si gni f i cant i s  the fac t  t ha t  the conf i gurati on requi r- 

i n g  the lowest p i l o t  phase compensation i s  Config. 4-2, precisely the con- 

figuration receiving the best ratings (2 and 3, compared even to  2.5 and 3 

fo r  Config 7-1). Furthermore, these phase results reveal t ha t  Config. 4-3 

requires more p i lo t  lead than Config. 4-2, while Config. 4-3-1 requires a 

phase lead between tha t  of Config. 4-2 and Config. 4-3. These results are  

a lso consistent w i t h  the ratings! (Note t h a t  the poor ra t ing for  

Config. 4-3 has been questioned, but these resu l t s  indicate tha t  a ra t ing 

worse than tha t  for  4-2 is  just i f iable . )  

c 
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A f i na l  p o i n t  deals w i t h  the frequency a t  which the peak p i l o t  phase 

compensation occurs. The l o c a t i o n  o f  t h i s  peak, i n  r e l a t i o n  t o  open-loop 

bandwidth, may be used t o  determine the l i m i t i n g  f a c t o r s  i n  the  closed-loop 

dynamics. I n  the case of the analysis o f  the LAHOS data. This peak was 

seen t o  occur near the open-loop phase crossover, and above the closed-loop 

bandwi d th  frequency . 'Thi s i ndi  cates t h a t  the 1 i m i  ti ng f a c t o r  i s c l  osed- 

Inn? stability: o r  phase margin. On the other  hand, the r e s u l t s  i n  Table 4 
. 

reveal t h a t  these peaks i n  phase compensation occur we l l  below phase cross- 

over ( see F i  gs. 7-14), and essenti a1 l y  a t  t he  c l  osed-1 oop bandwi d t h  

frequency. This  i nd i ca tes  the l i m i t i n g  f a c t o r  i s  more one o f  performance 

( a b i l i t y  t o  t rack )  than o f  s t a b i l i t y .  Th i s  i s  due, again t o  the l i g h t l y -  

damped zeros i n  the yc,p. t r a n s f e r  funct ions,  making the  task e s s e n t i a l l y  

more d i f f i c u l t .  Th is  i s  f u r t h e r  ind icated i n  the frequency response o f  the 
8 

p i l o t ' s  Peq dynamics. 

Shown i n  Fig.  15 i s  the Peq f o r  Config. 7-1. Note t h a t  the peak 

"compensation" i n  both magnitude and phase occurs near 3 rad/sec., where 

the two zeros i n  yc.p./Fst occur (see Table 3 ) .  

t h i s  peak occurr ing near 10 rad/sec i n  the LAHOS r e s u l t s .  

Th i s  i s  i n  c o n t r a s t  t o  

The 10 rad/sec 

value i s  near the l i m i t  o f  p i l o t  c a p a b i l i t y  s ince the  minimum neromuscular 

l a g  t ime constant i s  around 0.1 sec. 

- Analysis 3 

Even more v i v i d  are the  r e s u l t s  o f  an ana lys i s  which t r e a t s  the 

p i l o t ' s  con t ro l  o b j e c t i v e  as one o f  u l t i m a t e l y  c o n t r o l l i n g  the  f l i g h t - p a t h  

a t  the c.g. o r  a t .  t he  center o f  ro tat ion.  A t  the cu r ren t  time, the pre- 

f e r r e d  approach i s  t o  analyze the response most . d i f f i c u l t  t o  con t ro l ,  and 
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t h a t  i s  the response o f  the center o f  r o ta t i on .  This p o i n t  has the pro- 

per ty  t h a t  i t  does no t  accelerate d i r e c t l y  due t o  con t ro l  surface def lec-  

t ion ,  b u t  only as a r e s u l t  o f  a change i n  veh ic le  angle o f  at tack.  Also, 

se lec t i ng  the c.r. e l iminates the kinematic e f f e c t  o f  the r o t a t i o n a l  motion 

and tends t o  focus on the "point-mass'' performance o f  the  f l i g h t  vehic le.  

I n  any event, t h i s  may a l l  be academic i n  the r e s u l t s  now t o  be discussed, 

because the trends are the same if the c.g. i s  chosen instead. 

Shown i n  Fig.  16-23 are the open-loop and closed-loop Bodes, f o r  t he  

modeled s i t ua t i on ,  attempting t o  con t ro l  the f l i g h t  path a t  the 

c.r. based on sensed in format ion a t  the cockpi t .  But these Bodes are s t i l l  

open- and closed-loop frequency responses f o r  yc.p./Fst! I n  other  

words, they are comparable t o  the resu l ts  i n  Figs'. 7-14, i n  terms o f  t h e i r  

r e l a t i o n  t o  performance, and s t a b i l i t y ,  bu t  the des i rab le  closed-loop f r e -  

quency response i s  no longer f l a t .  It should now have a "notch," depending 

on the yc.r./ycOp. dynamics. 

To explain, consider Fig. 24. The p i l o t  closes the  loop around the 

ycap./Fst, bu t  the f i n a l  response con t ro l l ed  i s  yCor.  Reversing the  

order of the block diagram reveals tha t  the s i t u a t i o n  i s  equiva lent  t o  t h a t  

i n  the  Yc.p. analysi  s, w i t h  the commanded response "shaped" by the  

Yc.ro/ycopo charac ter is t i cs .  So the optimum (yc.p.  1 closed-loop Bode 

response i s  no longer f l a t ,  bu t  should have a "notch" t o  compensate f o r  the  

d i f f e rence  i n  the cha rac te r i s t i cs  of the commanded yc.po response. 

More important ly,  however, i n  t h a t  the open-loop Bodes i n  Figs. 16-23 

s t i l l  determine the closed-loop s t a b i l i t y ,  and the des i red  c h a r a c t e r i s t i c  

i s  s t i l l  t h a t  o f  -20 dB/decade slope o f  t h e .  magnitude curve, espec ia l l y  
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near crossover. Note the dras t ic  improvement i n  t h i  s characteri s t i  c as 

1/Te2 increases, and fo r  Config. 7-1 as well, compared t o  Config. 1-1 

and 4-1. From consideration of these Figures, i t  i s  c lear  t h a t  the p i l o t ' s  

a b i l i t y  t o  obtain a s tab le ,  robust loop closure is  n i l  for Config. 1-1 and 

4-1, w i t h  monotonic improvement as 1 /Te2  is increased. Taken along 

w i t h  the p i lo t  phase compensation resul ts ,  given i n  Table 5, these results 

a re  a l l  compatible w i t h  the ratings.  

Shown i n  Fig. 2 5 ,  is a plot  tha t  i s  comparable t o  F i g .  2. In F i g .  2 5 ,  

the p i l o t  phase compensation is  shown, versus the open-loop peak obtained 

from Figs .  16-23. The grouping of the configuration is similar t o  tha t  i n  

Fig. 2, a s i tua t ion  t o  be considered fur ther  as  the remainder of the TIFS 

"Pitch Rate" configurations are evaluated. 
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P i l o t  Rating 

C1 osed-1 oop 
Bandwith ( r ad / s )  

P i l o t  'Phase Compensation 

Open-Loop Peak (dB) 

Pilot  Phase Compensation 
(deg) ( w i t h  170ms delay) 

Open-Loop Peak (dB) 

(P i lo t  A / Pi lo t  B )  
- 

(deg) (no time delay) 

(no time delay) 

( w i t h  170ms delay) 

Tab1 e 1 .- Atti tude Analysis Results 

5 /7 

1.7 

28. 

4.5 

46. 

20. 

4 CONFIGURATION 
I I 1-1 

P i l o t  Rating 
(P i lo t  A / P i l o t  8) 

-TE 
8,7/5.5 3,4/7 

C1 osed-1 oop 

P i  1 o t  Phase Conpensa- 
t i o n  a t  3.". iaegi 

Bandwi t h  ( rad/s)  2.7 2.7 2.7 2.9 

I 0.4 I 0.3 I 0.2 I -19.7 
I I I I 

Max. P i lo t  Phase 
Compensation (deg) I 6.3 6.4 I 6.4 - 1  -11.2 
Frequency f o r  Max. 

Pilot  Phase (rad/sec) 

Sensit ivity Parameter, 
SP (dB) 

I I I I 

2.8 

I -15.0 

~ -6.4 

4.5 

1.9 

2.7 

-6.1 

1.2 

4.3 

2.6 

Table 2.- Flight Path (c.g.1 Analysis Results 

4-3-1 7-1 

4/- 3/2.5 

2.7 2.8 

IT 
CONFIGURATION 

7-1 

3/2.5 

1.8 

4. 

1.1 

25. 

15. 
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Tab1 e 3.- F1 i ght Path Numerator Re1 a t i  onshi ps 

Confi qurati ons 

1-1 
and 
4-1 

1-2 
and 
4-2 
* 9  
I-3 

and 
4-3 
4-3-1 

7-1 

c.g./Cockpit 

-.0085 (S-1.9) (S+2.4) 

.052 ( S+O .2? 2.7 j 1 

-.009 (S-2.6) (S+3*1) 
~~ 

-06' (S+0.6+3.43j) 

ni I C - ?  I \  IC+.? f,\ 
- . V I  \ + - u . A . ,  ,"-"--, 

-06 (S+0.9+4.j) 

-.007 (S-2.6) (S+3*1) 

.043 ( S+O .6+3.4j 1 

Center o f  Rotation/Cockpi t 

-e0016 (S-13.5)(S+17.) 

.052 (S+0.2+2.7j) 

- -0016 (S-27 ) (S+16 ) 
.06 (s+0.6+3.43j) 

-,on? (s-40.1 (S+14.2) 
.06 (S+O .9+4.j) 

. 

-.0012 (S-27.) (S+15*5) 

.043 (S+O .6+3.4j 



a- . 

1-3 4- 1 

2.1 1.6 

33. 23. 

2.7 2.5 

Table 4.- Fl ight  Path (cop.) P i l o t  Phase Compensation 

4-2 4-3 4-3-1 7-1 
____-. 

2 .o 2.1 2.1 1.9 

18. 26. 21. 18. 

2.8 3 .O 3 .O 2.8 

I I 

3,417 

CONFIGURATION 

- 

2.5/5 213 - 17 41- 312.5 
- 

1-2 1-3 . 4-1 

2 .o 2.1 1.6 

45. 4.1 3 2, 

2.5 2.8 2.5 

8,715.5 3,417 2.515 

4-2 

2 .o 

27. 

2.8 

213 

~~ 

3 .O 

- I 7  

Closed-loop 
Bandwi t h  ( r a d l s )  I 1.7 2 .o 

39. 

2.5 

L 

Max. P i l o t  Phase 
Compensation (deg) I 56. 

I 
Frequency f o r  Max. [ P i l o t  Phase ( rad lsec)  2.3 

P i l o t  Rat ing 1 ( P i l o t  A / P i l o t  B) 517 8,715.E I 
Table 5.- F l ight  Path (c.p./c.r.) P i l o t  Phase Compensation 

I CONFIGURATION 

4-3 4-3-1 7-1 

C1 osed-1 oop 
Bandwi t h  (rad/s 1 I 1.7 2.1 1.9 2.1 

34. 
Max. P i l o t  Phase 

Compensation (deg) I 63. 31. 

3 .O 

4 1- 

28. 

2.8 

312.5 
. . __ 

Frequency f o r  Max. 
P i 1  o t  Phase ( rad lsec 1 I 2.3 

P i l o t  Rat ing I ( P i l o t  A / P i l o t  B) 5 I 7  
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CLOSED-LOOP, PILOT/VEHICLE ANALYSIS 
OF THE APPROACH AND LANDING TASK 

Mark R. Anderson' and David K. Schmidtt 

School of Aeronatrtics and Astronautics 
Pur du e Un iv  e rsi t y 
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Extended  Abstract 

Recently, Bacon and Schmidtl'l presented an integrated optimal-control, 
frequency-domain approach for pilot/vehicle anaIysis of the precision attitude 
control task. When applied to the flight test results of Neal and Srnithl?], the 
optimal control approach was shown, not only to agree extremely well with the  
original technique developed by Neal and Smith, but also to yield additional 
information on the achieveable closed-loop bandwidth in the task. This task 
was essentially modeled as a singleinput, single-output, closed-loop task. 

In the case of approach and landing, however, it is universally accepted 
tha t  the pilot uses more than one vehicle response, or output, to  close his 
control loops. Therefore, t.0 model this task, a multi-loop analysis technique is 
required. The  analysis problem h a s  been in obtaining reasonable analytic 
estimates of the describing functions representing the pilot's loop 
Compensation. Once these pilot describing functions are obtained, appropriate 
performance and workload metrics must then be developed for the landing 
task. 

The  optimal control approachl'~~1 provides a powerful technique for 
obtaining the necessary describing functions, once the appropriate task 
objective is defined in terms of a quadratic objective function. In this paper, 
we -will present such an approach through the use of a simple, reasonable 
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objective function and model-based metrics t o  evaluate loop performance and 
pilot workload. We will also present the results of an analysis of the LAHOS 
(Landing and Approach of Higher Order Systems) study performed by R E  
Smith 1‘1. 

In flare or near touchdown, precision Bight-path control is required. 
Assuming a “frontside” landing technique is used, the pilot can control flight 
path or sink rate through elevator commands. Including inner pitch-attitude 
and flight-path-angle feedback loops, this situation leads to a block diagram of 
the approach and landing task shown in Figure (1). A reasonable task 
objective function, J,, would then reflect the pilot’s desire to minimize flight- 
path error, yerror, by using pitch-attitude, flight-path, and flight-path-error 
information. 

The  pilot describing functions, P(.l, shown in the closed-loop structure of 
Figure (1) can then be obtained using the optimal-control approach. These 
describing functiocs represent those required to achieve the best loop 
performance, subject to the tzsk definition and inherent pilot limitations 
modeled. Once determined, they can also be manipulated using block diagram 
algebra to obtain, for example, an equivalent unity feedback single-loop 
structure shown in Figure (2). 

Neal and Smith, as well as Bacon and Schmidt, described the pi!ot/vehicle 
handling-quality criteria problem as a trade-off between the pilot workload 
required to achieve acceptable task performance and a subsequent measure of 
the pilot/vehicle dosed-loop performance. The most important aspect of 
closed-loop performance, furthermore, is stability and robustness (or 
insensitivity to  small changes in pilot compensation). These loop 
characteristics are cleaxly reflected in the open-loop, T / T ~ ~ ~ ~ ~ ,  frequency 
response. In fact, the desirable ‘‘shape’’ of this frequency response for good 
closed-loop stability is well-known (Le. constant -20 dB/decade slope in the 
crossover region). Any deviation from the desirable frequency response is 
defined herein as a reduction in loop quality. 

A model-based measure of the “loop quality” has been developed and is 
entitled the “open loop peak”, obtainable from the open-loop frequency 
response plots after the pilot/vehicle system has been modeled. Also a model- 
based metric has been identified that reflects the pilot workload necessary to  
achieve closed-loop stability. This workload metric is expressed in terms of a 
pilot phase compensation angle. 

When thirty-two of the aircraft configurations .flight tested in the LAHOS 
study were modeled and aoalyzed, the results are as shown in Figure (3). 
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Figure 1 The Multi-Loop Flight Path Tracking Task 

Figure 2 Flight Path Tracking with 
Equivalent Pilot Function 
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Recalling that the ‘I open-loop peak” is a measure of stability robustztess, and 
the  “pilot compensation” is a memure of workload, we see E, characteristic 
grouping of the results not unlike that presented in References [l] and [2]. 
However, in these references, the task modeled was precision attitude control, 
and two different (though similar) model-based metrics were used in the related 

It is also noted from Figure (3), that  those configurations rated best (level 
1) in the approach and laadling task were appropriately grouped together, in 
terms of “performance” and “workload”. Those rated worse were the result of 
excessive pilot phase lead or lag conpensation required or a reductiou in “loop 
quality”. Other results concerning loop characteristics such a s  achieveable loop 
bandwidths, pilot comments, and pilot behavior will be presented in the 
complete paper. 

plots. 
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